I N NONMAMMALIAN species, oocyte maturation is under direct hormonal control, and the effect of progesterone (P4) on amphibian oocyte maturation was among the earliest discovered nongenomic effects of steroids on cells (1). An immediate increase in the intracellular free Cazf concentration [Ca"li is the first detectable reaction of amphibian oocytes to P, addition (2, 3). Mammalian oocytes do not require an immediate hormonal stimulation to resume meiotic maturation (4). Notwithstanding, experience with human in vitro fertilization shows relationships between successful conception and the concentrations of steroid hormones in the fluid aspirated from follicles from which the oocytes have been harvested (5-10). Although normal development of in vitro fertilized oocytes appears to be associated with a relatively high 17P-estradiol (E,)/androgen ratio in follicular fluid (lo), the mechanism underlying this relationship is not fully understood.
Moreover, spontaneous oscillations in [Ca2'li have recently been shown to occur in mouse oocytes at the time of germinal vesicle breakdown (GVBD), and it was suggested that this Cazc signal may be important for later develomental processes rather than for GVBD itself (11). If a Ca L signal generated during oocyte maturation creates a durable imprint determining the developmental potential of the oocyte, it is possible that steroids present in follicular fluid generate or modulate this signal, similar to those in amphibian oocytes, and so directly influence oocyte quality.
To test this hypothesis, we loaded human oocytes at the germinal vesicle (GV) stage with a fluorescent Ca2+ indicator and examined whether and how [Ca'+] i is influenced by the addition of E, to incubation medium. After preliminary experiments demonstrating the development of [Ca2+]i oscillations in the oocytes in response to E,, we replaced free E, with a membrane-impermeant conjugate of this hormone to decide whether hormone uptake into the cells was required to E reduce this effect. We also treated oocytes with E, in Ca -free medium to determine the respective contributions of intracellular and extracellular Ca2+ to the E,-induced [Ca2'li increases. Finally, experiments were performed to evaluate the effects of exposure of maturing oocytes to E, on subsequent maturational events, fertilization, and early postfertilization development. 
Gamete source and preparation
The oocytes used in this study were immature human oocytes aspirated from antral ovarian follicles and still uossessinz an intact GV. All of these oocytes came from cases in which oocytes w&e aspirated to be used for micromanipulation-assisted fertilization, and the identification of oocytes with GV was enabled by removal of cumulus oophorus and corona radiata cells, which is part of this procedure.
Because Fig. 1A) . Each of the [Ca"li increases lasted for lo-20 s, except for the first, which was of longer duration and usually took about 1 min (Fig. 1A) . The interval between two sequential increases was rather constant for each oocyte and ranged between 20 s and 2 min in different oocytes. The duration of the whole series of [Ca2']i oscillations lasted between l-6 h in individual cases.
Both zona-intact and zona-free oocytes responded to E, in the same way. However, the lag period between hormone addition and the first [Ca*']i increase was longer (30 s to 1 min) in the case of zona-intact oocytes compared with zonafree oocytes (lo-30 sl. That is why zona-free oocytes were used in most of the experiments involving [Ca2']i measurement.
The observed effect of E, on [Ca2'li in oocytes appeared to be specific, because it could not be mimicked with even 10 times higher concentrations of A (Fig. 1B) and I', (data not shown).
Both the initial [Ca"]i increase induced by E, and the subsequent series of [Ca*']i oscillations were strictly dependent on the presence of Ca2+ in the extracellular space. In Cazf-free medium (0.684 mmol/L EDTA in Ca'+-and Mgzcfree PBS), the addition of E, did not produce anr effect on [Ca"li, but subsequent transfer of oocytes to Ca +-containing medium in the continuous presence of E, caused an immediate typical Ca2+ response (Fig. 2) isting E,-induced lCa"li oscillations were promptly stopped when oocytes were transferred to Ca'+-free medium and did not reappear until they were put back into Ca*'-containing medium again (Fig. 2) . The site of E, action was located at the oocyte surface, because E,-BSA, a plasma membrane-impermeant E, conjugate, was equally effective in producing the typical Ca2+ response as the free hormone (Fig. 3) , whereas the addition of BSA alone, the macromolecular component of the conjugate, was without effect.
E2 sensitizes Ca'+-induced
Cazf release from oocyte intracellular stores
The spatial analysis of the temporal evolution of [Ca"]i changes induced in oocytes by E,, as facilitated by confocal microscopy, revealed a marked difference between the first E,-induced [Ca"]i increase and the subsequent secondary [Ca*']i rises. The first [Ca'+]i increase was relatively slow and occurred nearly simultaneously in the whole oocyte cytoplasm, without signs of focal initiation or wave-like propagation (Fig. 4, A-D) . In contrast, the second [Ca"li rise was rapid and typically began in the oocyte periphery, from which it spread as a Ca2+ wave throughout the rest of cytoplasm (Fig. 4, E-H ). All subsequent [Ca2']i increases followed the same spatial propagation pattern. Of course, the propagation of the Ca2+ waves could only be traced in those series of confocal images in which the plane of vectorial propagation of the wave front coincided, at least roughly, with the confocal plane at which the images were taken. Because Ca'+-induced Ca2+ release (CICR) is the mechanism underlying the propagation of Ca2+ waves in cells (18), these observations mean that when undergoing the first E,-induced [Ca2+]i rise, oocytes still have a limited capacity to activate CICR, but this capacity increases markedly by the time of the second rise.
Exposure of maturing oocytes to E2 does not affect progression of meiosis, but improves developmental potential of oocytes When GV oocytes were incubated in vitro in B2 medium supplemented either with 2.6 X 1O-3 g/L E,-BSA, corresponding to 1 Fmol/L E,, or with 2.6 X 1O-3 g/L unconjugated BSA, equivalent proportions (P < 0.05) of oocytes resumed meiosis by 6 h of incubation and achieved meta- phase II by 24 h of incubation in both groups (Fig. 5) . However, the fertilization and cleavage rates of metaphase II oocytes that matured in the presence of E,-BSA were higher than those of oocytes that had matured in medium supplemented with BSA alone (Fig. 6 ). These data show significantly higher percentages of oocytes developing two pronuclei (P < 0.05) and of those undergoing at least one cleavage division (P < 0.01) in the E,-BSA group.
Discussion
Nearly all of the major steroid hormone classes have been demonstrated to have nongenomic effects (19). After the early reports on rapid P4 effects on frog oocytes (' l-3), sim- Most of the known nongenomic effects of steroids on cells are related to an increase in [Ca*']i. However, there is a considerable variability in the mechanism of steroid-induced Ca2+ mobilization and the source of the mobilized Ca*+. In this study, the initial [Ca*']i increase occurring in maturing human oocytes in response to E, is shown to be induced by an influx of extracellular Ca*+. The same effect can be produced by a membrane-impermeant E, conjugate. In this respect, the action of E, on human oocytes is analogous with the action of I', on human spermatozoa (35, 36), but quite different from the previously described nongenomic action of E, on chicken, pig, and rat ovarian granulosa cells, in which E, increases [Ca"]i by producing a rapid release of Ca2+ from intracellular stores (37).
The Interestingly, the spatial analysis of E,-induced [Ca2']i rises showed that when undergoing the first [Ca2']i increase after E, addition, the oocyte still has a limited ability to activate CICR in response to E,-induced Ca2+ entry, whereas the typical attributes of active CICR, a wave-like propagation and amplification of the zone of increased [Ca2+]i, were present beginning with the second lCa*']i rise. The activation of CICR entails a more significant contribution of intracellularly stored Ca2+ to the secondary E,-induced [Ca2']i rises, although the presence of extracellular Ca2+ was an absolute requirement for the maintenance of [Ca2']i oscillations in our system. In this regard, the E,-induced [Ca2']i oscillations described in this study were similar to the spontaneous [Ca*']i oscillations observed in maturing mouse oocytes (11).
Why the CICR response becomes more active in human oocytes after the first E,-induced [Ca*']i increase is an intriguing question that warrants further investigation. One possible explanation is that the first [Ca2+]i rise somehow awakens a dormant intracellular Ca*+-release system, so that the contribution of intracellularly stored Ca2+ ions augments the following [Ca"]i increases. On the other hand, the activation of CICR may also be due to superimposition of a Ca2+-independent action of E, rather than to the primary E,-induced [Ca2']i surge. Such a dual nongenomic action is supposed to mediate the effect of I', on human spermatozoa, in which I', appears to simultaneously open a plasma membrane Ca2+ channel (36), possibly by acting primarily on a y-aminobutyric acid,-like receptor/Cl-channel (41), and to activate, in a Ca2'-independent manner, a protein tyrosine kinase (22). Because the best-established mechanism of CICR in mammalian oocytes involves inositol trisphosphate (IF',)-sensitive Ca2+ stores (42, 43), and IF', can be generated by phospholipase-Cy activatable by a tyrosine kinase (44), simultaneous activation by E, of a plasma membrane Ca2+ channel and a tyrosine kinase might stimulate Ca*+ influx and CICR, respectively. It remains to be elucidated whether E, actually stimulates II', production in human oocytes and, if so, whether this effect is mediated by the E,-induced Ca2+ influx or by an independent E, action.
The physiological significance of the E,-induced [Ca*']i oscillations in maturing human oocytes is another question. The absence of noticeable effects of the presence of E, in medium used for oocyte in vitro maturation on the progression of meiosis suggests that neither the presence of E, nor [Ca2']i oscillations are necessary for oocyte meiotic maturation. This is in agreement with the previous observation that abolishing the spontaneous [Ca2'li oscillations of immature mouse oocytes does not affect GVBD (11). On the other hand, the improved fertilization and cleavage rates of the oocytes exposed to E, during the early stages of maturation compared to control values suggest that the action of E, supports the cytoplasmic maturational changes necessary for fertilization and early postfertilization development. A relative independence of the developmental processes controlling nuclear and cytoplasmic maturation of mammalian oocytes has been sufficiently documented (reviewed in Ref. 45) . Interestingly, previous work has shown that human oocytes isolated from follicles with undetectable levels of E, can undergo fertilization and embryonic cleavage in vitro (46). However, those observations were made in a woman with congenital adrenal hyperplasia due to 17a-hydroxylase deficiency in whom, consequently, all 17-hydroxylated steroids, including androgens, were affected. In view of the fact that oocyte quality seems to be better correlated with the E,/androgen ratio than with the absolute level of each of them (lo), it is possible that the E, action is needed to protect oocytes from the atresiapromoting effect of follicular androgens.
It also has to be noted that the oocytes used in this study were still at the GV stage and, thus, remained behind the oocytes obtained at the same time from the most advanced follicles that already were at metaphase II. Such oocytes, also termed nonovulatory, have been shown previously to lack ultrastructural degenerative changes, to synthesize proteins, and to resume meiosis in vitro under appropriate culture conditions (47). They must thus be distinguished from atretic oocytes in which irreversible degenerative changes have already started. Nevertheless, further work is necessary to determine whether GV oocytes obtained from small antral follicles at the time of the ovarian cycle at which more advanced healthy follicles are not yet present in the ovary behave in the same way.
Even though this pilot study leaves many questions concerning the mechanism of E, action on human oocytes still open, this is the first time that it has been suggested that oocyte quality may be conditioned by a direct nongenomic action of follicular steroid. It has been shown that the developmental potential of human oocytes is related to the E,/androgen ratio in follicular fluid rather than to the absolute E, concentration (10). It would thus be of interest to examine whether and how the nongenomic response of oocytes to E, is influenced by different concentrations of androgens and whether the presence of androgen during oocyte in vitro maturation counteracts the beneficial effect of E, on oocyte developmental potential. These experiments are under way in our laboratories.
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